ABSTRACT: Because L-carnitine (L-CAR) is a potential substitute for neonatal dexamethasone (DEX) with respect to the prevention of long-term side effects, rats were treated on d 1, 2, and 3 after birth with saline, DEX, L-CAR, half the dose of DEX, and L-CAR ϩ half DEX. DEX led to growth retardation, increased mortality, and severe kidney damage at 50 wk of age. L-CAR had no negative effects on growth, kidney function at 50 wk, and survival at 101 wk. Growth retardation was induced transiently by half DEX and permanently by L-CAR ϩ half DEX, slightly reduced kidney function but no reduced life span was found in both these groups. Except for the DEX group, blood glucose levels were normal at 50 wk in all groups. A serendipitous finding was that L-CAR treatment caused one-third less food intake; however, these rats maintained normal body weight. In conclusion, L-CAR, a lower dose of DEX, and their combination caused less negative effects in later life. Because L-CAR ϩ half DEX had a negative effect on growth, attention to monitor L-CAR levels during DEX treatment of preterm newborns seems to be justified. The finding that neonatal L-CAR caused reduced food intake in later life warrants further investigation. (Pediatr Res 69: 148-153, 2011) 
G lucocorticoids (GCs) such as dexamethasone (DEX) are frequently used to prevent chronic lung disease in preterm newborns because of their anti-inflammatory action (1, 2) . However, accumulated data indicate the occurrence of undesired side effects of neonatal DEX treatment (3) (4) (5) (6) (7) (8) . These long-term effects include growth retardation, hypertension, cardiopathy, hyperglycemia, and insulin resistance. Evidence suggests a crucial role for renal dysfunction as a progressive pathology (9) . Indeed, neonatal DEX in experimental studies leads to increased mortality (9 -11) . Although the translation of experimental rat studies to the human situation may be less alarming than previously thought, alternative treatments, which are also effective but less harmful, are highly advocated. Therefore, an established rat model of neonatal DEX treatment is the model of choice to test potential nonsteroid substitutes for DEX.
L-Carnitine [L-CAR; IUPAC name (3R)-3-hydroxy-4-trimethylazaniumylbutanoate; also referred to as L-CAR in this study] might be a potentially promising (partial) substitute for DEX (12) (13) (14) (15) . L-CAR is both an endogenous compound and an important nutrient with several roles in energy homeostasis (16) . Its importance for the mediation of long-chain fatty acid transport across mitochondrial membranes, facilitating energy production from fatty acid oxidation, is well known. Moreover, its role as energy-independent substitute for CoA in the buffering of acetyl-CoA pools in peroxisomes, mitochondria, and the cytosolic compartment of the cell is appreciated (16, 17) , in addition to its function as potential osmolyte (18) . Clinical and experimental work in the 1980s and 1990s by Lohninger et al. (12) (13) (14) (15) pointed to the potential of L-CAR as partial substitute for GCs when used in combination with betamethasone. However, that particular approach aimed at prenatal maternal administration and has not been widely adapted. Prenatal DEX treatments are not known to cause negative side effects to the extent known for neonatal DEX treatments.
In recent years, evidence emerged that L-CAR at high doses may mimic some biological activities of GCs, including the suppression of immunoreactions in a GC-like fashion, and the activation of GC-receptor-␣ and other GC-responsive genes (19 -21) . The transactivation of GC-responsive promoters by L-CAR seems similar to the transactivation by DEX as this effect can be suppressed by RU486, a known competitive inhibitor of GCs (20, 22) . Furthermore, L-CAR exerts competitive inhibition on the binding of DEX to the GC-receptor-␣ in HeLa cells (20, 22) . These data suggest that L-CAR potentially shares some of the biological and therapeutic properties of GCs and exerts GC-like immunomodulatory effects.
It has been identified in rats that maternal administration with L-CAR or L-CAR-betamethasone combinations can significantly increase the surfactant content of fetal rat lungs (18, 23) . Therefore, L-CAR or its combination with lower doses of GCs might be a possible substitute for GCs. In human studies, the first clinical report in 1983 showed that maternal L-CAR-betamethasone combinations can stimulate lung maturation and reduce the incidence of respiratory dysfunction in newborns (15) . Although all these studies were performed prenatally, it may well be possible that neonatal L-CAR or its combination with GCs is also effective. Therefore, the question that needs to be addressed first is whether neonatal administration of L-CAR or L-CAR-GC combinations leads to similar negative effects in later life as GCs do. In a previous study in rats (9) , we found that neonatal DEX administration causes severe renal damage, which in turn might be the major cause for reduced life span. Hence, the measurement of renal function in combination with body-weight analysis and the determination of survival rates are the first methods of choice to assess the potential value of L-CAR as a possible (partial) substitute for DEX with respect to the long-term effects in vivo.
METHODS

Animals.
Pregnant Wistar rats (270 -300 g) were housed individually and kept under conventional housing conditions with free access to food and water. Pups were born on d 21-22 of gestation. On the day of birth (d 0), male pups were selected and randomly divided into treatment and control groups. Pups were housed in groups of six per cage with a randomly assigned mother. The mothers were removed after 3 wk, and the rats were housed in groups of three per cage. Temperature and humidity were kept constant, and the rats had free access to food and water. An artificial 12 h light/12 h dark cycle was used.
Male rat pups were treated i.p. at d 1, 2, and 3 after birth with tapering doses of L-CAR (L-CAR, 100, 60, and 20 g/g; body weight, n ϭ 22); DEX (DEX, 0.5, 0.3, and 0.1 g/g; n ϭ 30); 1 ⁄2dose DEX ( 1 ⁄2DEX, 0.25, 0.15, and 0.05 g/g; n ϭ 20); and L-CAR ϩ 1 ⁄2DEX (100 ϩ 0.25 g/g, 60 ϩ 0.15 g/g, and 20 ϩ 0.05 g/g; n ϭ 18). Controls were injected with equal volumes (10 L/g) of sterile pyrogen-free saline (SAL; n ϭ 22). Full DEX treatment was done as described earlier (7) (8) (9) (10) (11) 24) , and L-CAR was obtained from Sigma Chemical Co.-Aldrich (Catalog nr. C0158).
Body weight was measured weekly. Rats were terminated at 101 wk of age except the DEX-treated rats, which were terminated at 50 wk. The latter group has been analyzed in depth for several parameters on cardiac, hepatic, and renal performance as reported before (9, 11, 24) . All experiments were approved by the University of Groningen Ethical Committee on Animal Experiments.
Metabolic cage methods. At 50 wk of age, 24 h urine was collected in a metabolic cage (n ϭ 8 -9/group). Urine protein, urine creatinine, and serum creatinine concentrations were measured in an auto analyzer (Merck Mega, Darmstadt, Germany). Creatinine clearance was calculated by the following formula:
Creatinine clearance (mL/min) ϭ (uCr ϫ uV)/(sCr ϫ 1440) where uCr is the urine creatinine concentration in mmol/L; uV is the 24 h urine volume in mL; and sCr is the serum creatinine concentration in mol/L.
Blood samples were collected from the abdominal artery under anesthesia. Blood glucose was measured by a Medisense Precision glucose meter (Abbott, Amersfoort, The Netherlands).
Statistics. Survival analysis was investigated by the Kaplan-Meier method, and the differences between groups were examined by the log-rank test. One-way ANOVA was used to assess differences in body weights, and p Ͻ 0.05 was considered significant. Analyses were performed by using SPSS for Windows software (SPSS, Chicago, IL).
RESULTS
In this study, we compared the long-term effects of five different treatments that were given to neonatal rats on d 1, 2, and 3 after birth. The five groups were SAL (control), L-CAR, 1 ⁄2DEX, L-CAR ϩ 1 ⁄2DEX, and full DEX. We compared the effects of the treatment regimes on growth, survival, and renal function. In addition, we measured food and water intake and blood glucose levels.
Effect of the treatments on growth. Compared with the SAL-treated group, L-CAR did not have any effects on the growth. The 1 ⁄2DEX group showed a transiently impaired body weight gain in the first 5 wk of life and then the body weight caught up till normal levels. The L-CAR ϩ 1 ⁄2DEX and DEX had comparable effects on growth retardation, which caused significantly impaired growth compared with the SAL group, and this was even significant when compared with the 1 ⁄2DEX group in the first 5 wk of life, indicating that L-CAR exerted a synergistic effect with lower doses of DEX on growth retardation (Figs. 1 and 2A) .
Effect of the treatments on survival. As reported previously (9 -11), neonatal DEX leads to significantly increased mortality before 50 wk of age compared with SAL-treated controls. In this study, compared with SAL-treated animals, there were no reduced life spans found for L-CAR, L-CAR ϩ 1 ⁄2DEX, and 1 ⁄2DEX till 101 wk of age. There were also no differences between those groups, indicating that till the age of investigation no increased mortality occurred (Table 1) . Because the animals suffered from old-age complications, the experiment was stopped after 101 wk.
Water and food intake and blood glucose levels in 50-wkold rats. Compared with SAL controls, DEX administration in neonatal rats caused normal 24 h food intake and significantly increased water consumption; the latter increase might be due to increased urine volume, the consequence of impaired renal function. Intriguingly, L-CAR treatment leads to significantly reduced 24 h water and food intake compared with SAL treatment (Fig. 2B and D) . Significantly reduced 24-h food consumption was also noted in L-CAR ϩ 1 ⁄2DEX-treated animals ( Fig. 2D) , indicating that neonatal treatment of L-CAR may have some effects on appetite in rats at 50 wk of age. Both 1 ⁄2DEX and L-CAR ϩ 1 ⁄2DEX-treated rats tended to have more water intake, but these differences did not reach statistical significance (Fig. 2B) .
DEX-treated rats had significantly lower blood glucose when compared with SAL and also when compared with other groups separately. No differences are found in blood glucose levels in animals treated with L-CAR, 1 ⁄2DEX, and L-CAR ϩ 1 ⁄2DEX (Fig. 2C) .
Effect of the treatments on renal function in 50-wk-old rats. The parameters of renal function of DEX-treated rats have been described in our previous study (9) , which indicated that DEX administration led to increased urine volume, urinary protein content, and a decreased creatinine clearance ratio. In this experiment, compared with SAL-treated animals, L-CAR administration in neonatal rats had no effect on 24-h urine volume at 50 wk of age, and 1 ⁄2DEX or L-CAR ϩ 1 ⁄2DEX treatment tended to increase 24-h urine volume without reaching statistical significance (Fig. 3A) .
Urinary protein/creatinine ratio is a sensitive marker for proteinuria. Although L-CAR, 1 ⁄2DEX, and L-CAR ϩ 1 ⁄2DEX treatments did not have any effect on total protein content in 24 h urine compared with the SAL group (Fig. 3B) , both 1 ⁄2DEX and L-CAR ϩ 1 ⁄2DEX led to increased urinary protein/ creatinine ratio while statistical difference was only found for L-CAR ϩ 1 ⁄2DEX. There was no difference in this ratio in rats treated with L-CAR in comparison with SAL (Fig. 3C) .
Compared with SAL-treated rats, L-CAR treatment did not cause any effect on the creatinine clearance, which is the crucial parameter of renal filter function. Both 1 ⁄2DEX and L-CAR ϩ 1 ⁄2DEX rats showed significantly reduced creatinine clearance, indicating impaired renal function at 50 wk. In addition, this parameter was even lower in the DEX group when compared with the 1 ⁄2DEX group (Fig. 3D) .
DISCUSSION
In this study, we evaluated the potential of L-CAR as a complete or partial substitute for the treatment by GCs with respect to undesired side effects later in life in a rat model. The data suggest that from the long-term point of view, L-CAR has no negative effects on growth and renal functions, whereas L-CAR has a synergistic effect with 1 ⁄2DEX on growth retardation. Both L-CAR ϩ 1 ⁄2DEX and 1 ⁄2DEX alone caused impaired renal function at 50 wk of age.
Growth retardation is one of the important negative effects of GC administration that is widely seen in animal experiments (9 -11,25,26) and may be due to the impaired action of growth hormone and IGF (25, 26) . In this experiment, we found that a high dose of L-CAR alone had no negative effects on the body weight gain during the experiment. This result is consistent with previous data that maternal L-CAR administration in pigs had no effect on fetal growth and body weight and also caused no differences in IGF and its binding protein mRNA abundance in liver, muscle, and embryonic myoblasts (25) .
In this study, we found that 1 ⁄2DEX had a reversible effect on growth in the first 5 wk of life after which the rats caught up to gain weight similar to the SAL-and L-CAR-treatment groups. However, L-CAR ϩ 1 ⁄2DEX and full DEX had comparable persistent effects on body weight gain impairment. This phenomenon has two implications. First, L-CAR together with a lower dose of DEX exerts a synergistic effect on growth. Second, the reversibility of growth suppression by a lower dose of DEX is changed to irreversible suppression 100  100  100  97  32  100  100  100  100  93  36  100  100  100  100  86  40  100  100  100  100  86  44  100  100  100  95  86  48  100  100  100  95  79  68  100  95  94  95  72  100  91  89  95  76  100  91  89  85  80  100  86  89  80  84  86  86  83  80  88  86  82  78  70  92  73  82  67  60  96  45  73  67  50  100  37  73  33  33 * The full DEX group was terminated at wk 50. Significant shorter life span of this group was demonstrated previously (9) . There were no significant differences between the other groups. when L-CAR is given together with the lower dose of DEX. Without L-CAR, this phenomenon simply seems to be GC dose dependent: a lower dose of GCs leads to reversible growth retardation, whereas the full dose leads to pertinent growth retardation. Given these observations, attention to monitor L-CAR levels during DEX treatment of preterm newborns seems to be justified. However, given that neonatal rodents might have more reduced functional hypothalamicpituitary-adrenal and adipoinsular axes on DEX treatment than human babies (27) , it might be reasonable that rats are more susceptible than humans to permanent growth retardation caused by large doses of GCs.
With regard to survival, it has earlier been reported that neonatal DEX administration leads to increased mortality in rats (9 -11) . It is clear that neonatal full DEX treatment leads to significantly increased mortality already before 50 wk, and the kidney damage presumably is the main cause of death and reduced life span. This alarming observation is completely absent in the L-CAR, L-CAR ϩ 1 ⁄2DEX, and 1 ⁄2DEX groups, supporting the idea to further investigate the potentials of L-CAR as partial substitute for DEX or other GCs. Apart from this important notice, our survival analysis yielded more information. First, L-CAR-treated rats tended to live longer than SAL-treated animals although there was no statistical significance (p ϭ 0.075). This tendency was also found in the median survival time, which indicated that L-CAR treatment led to higher median survival time than SAL treatment (data not shown). The observed tendency is in line with earlier observations of the effect of (acetyl-) L-CAR on the longevity in old rats (28) and animal models of Alzheimer's disease (29) and amylotrophic lateral sclerosis (30) . Second, compared with SAL, there were no differences in survival in L-CAR ϩ 1 ⁄2DEX and 1 ⁄2DEX rats, neither was there a difference between the latter two groups. This indicates that from the long-term point of view, lower doses of DEX do not lead to higher mortality, and this effect is not synergistically worsened by L-CAR supplementation. Therefore, L-CAR supplementation might improve the survival in general; however, more studies need to be done to justify firm conclusions on this matter.
With respect to kidney function, endogenous GCs play important roles in the renal development and maturation. High doses of exogenous GCs are known to result in kidney damage (31) (32) (33) . Animal offspring after maternal DEX treatment had lower body-and kidney weight and less nephrons (34, 35) , which points at inhibited cell proliferation and disrupted nephrogenesis. Our previous study showed that a rebound inflammatory response after DEX treatment might be the main cause that triggers the fibrotic process (9) . We assume that DEX administration might cause renal injury in the tubular system at early age, and a disturbed renin-angiotensin system might be involved (36) .
In this study, we have investigated kidney function by measuring creatinine clearance and urine protein levels. Creatinine clearance is commonly used to predict kidney function, especially its filter function. Full DEX led to significantly increased urine protein content and reduced creatinine clearance. These results have been further confirmed by histological examinations, showing that 100% of the 50-wk-old rats ended up with kidney disease after full DEX treatment (9) . The L-CAR-treated rats tended to have decreased creatinine clearance compared with the SAL group (p ϭ 0.06); however, if we also take parameters such as urine volume, urine protein content, and blood creatinine concentration into account, it seems that L-CAR had no negative effect on kidney function at 50 wk. Further evidence revealed that no apparent macromorphological renal damage was found in these rats even at 101 wk of age (data not shown). Thus, although large doses of L-CAR can mimic some GC effects, it had no negative effect on kidney function in later life in this study. Instead, data from recent years have shown that L-CAR might be protective by ameliorating renal injury induced by cisplatin (37) or gentamicin (38) . In those studies, L-CAR is thought to prevent the severity of renal cortical proximal tubular necrosis and to inhibit mitochondrial dysfunction, DNA injury, lipid peroxidation, and apoptosis of epithelial cells in the kidney (37, 38) .
The kidney function of rats treated with L-CAR ϩ 1 ⁄2DEX and 1 ⁄2DEX alone is also noteworthy. Both these groups had significantly reduced creatinine clearance compared with the SAL-treated controls. This, combined with slightly increased urine volume, serum creatinine, and urine protein content, suggests that there might be some, but not severe, impaired kidney function. Moreover, kidney function in L-CAR ϩ 1 ⁄2DEX rats was not worse than in 1 ⁄2DEX rats and still better than the kidney function after full DEX treatment. The latter is significantly worse than all other treatment regimes, as shown in this study, a previous one (9), which was recently confirmed (39) . Thus, neonatal DEX treatment in rats leads to kidney damage in later life, and this effect is dose dependent, i.e. large dose DEX administrations in neonatal rats leads to renal failure at ϳ50 wk, and, lower dose of DEX impairs kidney function less severely and is not life threatening. However, why the effects of a lower dose of DEX on kidney function are not synergistically enhanced by L-CAR supplementation as they have done in lung maturation and growth retardation is still an interesting question that may be further explored. We assume that different GC-receptor levels in different organs at early ages play a role. Because the role of L-CAR as an accelerator of lung maturation is almost exclusively investigated in antenatal treatment, our data may provide a basis for future experiments to test neonatal L-CAR and L-CAR-GC combinations for reduction of bronchopulmonary dysplasia.
Finally, the consequences on food intake by neonatal L-CAR treatment are striking: 24 h food intake was Ͻ2/3 (65.7%) of the intake by controls. The L-CAR group also showed the lowest water intake and urine production of all groups tested. The reduced appetite observed at 50 wk is apparently fully compensated by an increased anabolic rate or nutrient expenditure efficacy, because body weight was normal (100%) throughout the experiment. In the light of recent discoveries of presumed carnitine transferase involvements in appetite control (40 -43) , this observation warrants further investigation.
In conclusion, neonatal administration with L-CAR, half the dose of DEX, and their combination led to less negative effects in later life than full DEX treatment in rats. However, because L-CAR together with half the dose of DEX had a negative effect on growth, attention to monitor L-CAR levels during DEX treatment of preterm newborns seems to be justified. The unexpected finding that neonatal L-CAR treatment causes reduced food intake in later life warrants further investigation.
